Imaging organic molecules using surface-enhanced Raman spectroscopy (SERS) has drawn attention due to its non-invasive nature and label-free approach. The SERS approach can be used in tracking organic molecules and monitoring unique Raman spectra of the organic molecules bound to metal nanoparticles (NPs). We prepared unilamellar liposomes composed of 1,2-dipalmitoylsn-glycero-3-phosphocholine (DPPC) molecules with a diameter of around 100 nm. Electrostatic binding of silver (Ag) NPs on the surface of the unilamellar liposomes was achieved by the reduction of silver nitrate (AgNO 3 ) which produces SERS active silver colloidal particles on the unilamellar liposome surfaces. Highly enhanced electromagnetic fields localized around neighbouring Ag NPs provide hot-spot construction around the liposomes, due to the spatial distribution of SERS enhancement in the unilamellar liposomes. It was observed that the signals fluctuate on a second time scale, presumably due to conformational change of DPPC chain and local Brownian motion of liposomal spheres.
INTRODUCTION
Liposomal delivery systems are commonly utilized for the storage, transfer and controlled release of various therapeutic agents, either by direct attachment onto the lipid bilayer or by incorporation into the enclosed internal aqueous compartments. Such systems are highly biodegradableand biocompatible, mainly due to their structural similarity with the cell membrane and various cellular organelles with lipid bilayers. [1] [2] [3] Intracellular studies showed that liposomes can be used in drug delivery. [1] [2] [3] Besides being used as carriers for drug delivery, large liposome vesicles have been widely used to mimic biological membranes and to study phospholipid oxidization, protein reconstitution and protein-protein or protein-lipid interactions. [4] [5] [6] [7] [8] In order to develop the next generation of liposomes as drug carriers, properties such as controllable release and * Author to whom correspondence should be addressed.
in vivo traceability of the liposome should be improved by functionalization of its constituents. Towards this goal, noble metal nanoparticles (NPs) such as gold (Au) and silver (Ag) NPs can be used as functional molecules based on their unique physical and chemical properties. 9 10 Due to their surface plasmon resonance (SPR) in the visible region, Au and Ag NPs can strongly absorb light energy in the visible regionand convert the absorbed light energy into heat. 11 12 These nanoparticles have been considered for several applications such asphotothermal therapy, in vivo imaging and photosensitive drug release. 13 14 Au/Ag NPs incorporated liposomes have received considerable attention as novel stimuli responsive and traceabledrug carriers. 4 15 However, such photochemical features are only expressed by Au/AgNPs of sizes smaller than 100 nm in diameter and aggregation of the NPs may block synergetic properties and functions. 9 10 Instead of bulk analysis, single molecule characterization techniques need to be used for characterization of liposomes to ensure reproducible preparation of the vesicles. Compared to bulk analysis, the techniques focusing on the individual analysis of liposomes can bring out heterogeneity masked by ensemble averaging. Recent advances in such techniques for individual liposome characterization have been recently published. 16 Among such tecniques raman spectroscopy when integrated with confocal microscopy allows to examine lipid vesicle composition at the single-liposome level.
Raman spectroscopy is an attractive method for the study of lipid-protein interactions due to its non-invasive and non-destructive properties. This technique, however, suffers from sensitivity issues, while surface-enhanced Raman spectroscopy (SERS) offers increased sensitivity for molecular detection without the need for any marker molecule. Raman signal enhancement mainly arises from the electromagnetic effect (EM). Particularly, when an analyte is adsorbed onto metal NPs, gaps and junctions created between interconnected NPs, generates so-called 'hot-spots,' as they intensify Raman signal drastically, resulting in an enhancement factor strong enough to allow single molecule detection. 5 6 Several studies demonstrate the applicability of a liposome-metal NP system for SERS-mediated bioimaging. Tam et al. 17 prepared gold nanoparticle-based SERS probes encapsulating Au nanoparticles with raman active phospoholipid in order increase stability and biocompatibility of Au nanoparticles with liposome structure. Liu et al. 18 discussed the SERS-derived signal from crystal violet (CV) reporter molecules encapsulated in antibodymodified liposome particles. Liposome-mediated enhancement of the sensitivity in immunoassay was demonstrated.
However, to the best of our knowledge SERS study on the label free detection of liposome has not yet been performed. So far liposomes have been used for assisting purposes. Label-free detection of single liposomes might be vital to understand the mechanism of intracellular uptake of liposome-bound drugs and/or metal nanoparticles for curing. Also, since liposomes mimic cell membrane and various cellular organelles with lipid bilayers because of structural similarity, carbonization of liposomes even under very low laser exposure is very promising result for applicability of phototermal therapy. SERS is the only advanced method that is available at present for single molecule detection and detailed structure analysis, and is ideal for the detection of single liposomes in biological sensing and disease diagnostic applications. [19] [20] [21] In this study, unilamellar liposomes or vesicles (ULVs) were synthesized by lipid hydration method and silver nitrate (AgNO 3 ) was then reduced onto the surfaces of the ULVs in the presence of sodium borohydride (NaBH 4 ) to observe SERS effect in Ag NPs loaded ULVs. The local SERS response was mapped over time by detecting the Raman signals from Ag NPs loaded ULVs deposited on the metallic Ag substrate. was used for contrast transmission electron microscopy (CTEM) imaging purposes. Milli-Q grade (Millipore Corporation, Bedford, MA), ultra pure water with resistivity greater than 18.0 M cm was used in all preparations.
EXPERIMENTAL DETAILS

Preparation of ULVs
In order to form ULVs, 0.07 g DPPC was dissolved in chloroform in an erlenmeyer flask. Chloroform was then evaporated overnight at room temperature in a fume hood in order to form a thin film at the bottom of the flask. The dry lipid film was hydrated in 50 ml, 20 mM HEPES buffer in ultrapure water at pH 7.4. The solution was vortexed at 80 C until the lipid film couldno longer be observedat the bottom of the flask and MLVs were formed. The solution which contained MLVs was sonicated for 30 minutes and subsequently extruded ten times through a polycarbonate membrane with a pore size of 100 nm to obtain ULVs at a final lipid concentration of 2 mM.
Preparation of Ag NPs Loaded ULVs
AgNPs were formed in the presence of the negatively charged ULVs by the reduction of Ag + ions around vesicle surfaces. A lipid solution (2 mM) containing ULVs was prepared as described above and used as stock. A AgNO 3 (0.1 mM) solution in ultrapure water was added dropwise to the pre-diluted lipid solution (1 mM) in pure water under vigorous stirring at room temperature until the molar ratio of DPCC:AgNO 3 reached 10:1. The mixture was then stirred for 30 mins at room temperature to let Ag + ions bind electrostatically to the negatively charged ULVs. Ag + ions were then reduced by dropwise addition of 2 mM aqueous NaBH 4 solution in ultrapure water to the mixture. A visible color change from colorless to yellow, within several minutes after addition of NaBH 4 , indicates the formation of AgNPs around the ULVs. In addition, bare colloidal Ag was prepared by adding an excess of NaBH 4 to 
Characterization of the Bare and Ag NPs
Loaded ULVs Zeta Potential/Dynamic Light Scattering (DLS). Zeta potential and particle size distributions of the ULVs and Ag NPs loaded ULVs were determined by photon correlation spectroscopy using a Malvern Zetasizer Nano ZS90 DLS spectrometer system (Malvern Instruments, Worcestershire, UK). The samples were diluted in ultrapure water at 1:10 volume ratio for zeta size/potential analyses. 4 separate measurements were performed for each sample. Each measurement was averaged over 4 runs. Zeta size measurements were conducted with disposable sizing cuvettes at a scattering angle of 173 at 25 C. Zeta potential measurements were conducted with clear disposable zeta cells at 25 C.
Contrast Transmission Electron Microscopy (CTEM).
Morphology and size analyses of the ULVs and Ag NPs loaded ULVs were conductedwith a Tecnai G 2 Spirit Biotwin transmission electron microscope (FEI company, Hillsboro, OR) operated at an accelerating voltage of 80 kV and with a line resulation of 0.34 nm. Prior to measurement, samples were centrifuged at 1500 rpm for 30 mins at 25 C and re-dispersed inultrapure water at a 1:10 volume ratio. Aliquots of UVLs and Ag NPs loaded UVLs were dropped on separate CTEM grids and the excess solutions were removed with filter papers. Negative staining was applied to all grids using a diluted PTA solution (2% w/v) in ultrapure water and excess of PTA solution was removed after 60 seconds using a filter paper. Then the CTEM grids were dried overnight before imaging.
UV-Visible (UV-
Vis) Absorption Spectroscopy. UV-Vis absorption spectroscopy analyses of the ULVs and Ag NPs loaded ULVs were conducted with a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific company, Hampton,
NH).
Surface Enhanced Raman Spectroscopy (SERS). SERS measurements were performed using a Alpha 300S scanning near-field optical microscope (SNOM) with Raman module (WITec company, Knoxville, TN). 100 l of the solution containing Ag NPs loaded ULVs was dropped onto a polyvinyl pyrrolidone (PVP) deposited 70 nm metallic Ag film on silicon wafer (with a 1 cm 2 surface area) and the SERS sample was dried at room temperature. A solid-state 532 nm wavelength laser (with excitation power 200 W) was used to conduct SERS measurements. Raman signals were collected with confocal scanning mode through 100× magnification for SERS imaging. Figures 2(a and b) show CTEM images of the bare ULVs and a single ULV loaded with Ag NPs, respectively. The presence of stable individual ULVs are clearly observed in Figure 2 (a). In Figure 2(b) , an individual Ag NP loaded ULV is displayed. The Ag NPs loaded onto an individual ULV are relatively smaller in size and can be clearly distinguished on the ULV. A small amount of the independent larger Ag NPs are also observed around the ULVs.
RESULTS AND DISCUSSION
The Bare and Ag NPs Loaded ULVs
Figure 2(c) shows particle size (nm) distribution of bare ULVs (red columns) and Ag NPs loaded ULVs (black columns) by number (%). The average particle size and zeta potential of bare ULVs are 98.13 nm and -4.48 ± 2.63 mV, respectively. The average particle size and zeta potential of Ag NPs loaded ULVs are 151.80 nm and +20.26 ±4.96 mV, respectively. The average particle sizes, measured with the DLS instrument, are in agreement with CTEM measurements. Loading Ag NPs onto the preformed ULVs increase the average particle size of the ULVs as expected. Plasmon Resonance (SPR) band at around 400 nm. The Ag NPs loaded on ULVs also display an SPR band located at around 420 nm. The incorporation of ULVs with the Ag NPs leads to a red-shift at the SPR band of Ag NPs. This is due to the change of dielectricity around the Ag NPs upon deposition onto the ULVs. 
Mapping the Local SERS Response
Local SERS activity of the Ag NPs loaded ULVs were investigated. Time dependent SERS measurements were performed to observe the SERS activity of the Ag NPs loaded ULVs. Figure 4(a) shows the SERS image constructed by plotting the Raman band intensity over the scanned area. The constructed SERS enhancement map displays non-regular patterns of hot-spots generated at junctions between Ag NPs located randomly on the ULVs, suggesting that highly enhanced electromagnetic fields are localized around neighbouring Ag NPs. Figure 4 (b) displays an illustration of how hot-spots are formed as a result of the SERS enhancement on DPPC molecules constituting the ULVs. The strongest SERS intensities are likely to be formed by extraversive functional groups of the DPPC molecules on the surface of the ULVs which are in direct contact with Ag NPs. In order to gain a better understanding of a hot-spot formation, we have monitored and analyzed time evolution of bright sites as shown in Figure 5 . Time series of SERS spectra were recorded with an acquisition time of 0.4 seconds/spectrum and revealed fluctuating behaviors of some peak intensities and peak/peak intensity ratios. Raman bands exhibit dramatic intensity swings over time. While spectral positions of the bands are stable, some alterations in their intensities were observed.
Vibrational modes of O-C-C-N + backbone of the DPPC molecule, in the range of 700-960 cm −1 , show fluctuations. Both trans conformation vibration modes and gauche conformation vibration modes in the range of 720-870 cm −1 can be observed and peak/peak intensity ratios change within time. 22 Other vibrational modes also show both gauche and trans conformational characteristics. Therefore, the vast variety of peaks exhibit swings in their intensities as can be seen in the Figure 5 .
Even though a large number of molecules are averaged in order to record sample data, the resulting spectrum is dominated by spectral fluctuations of only a small number of molecules and the highest enhancements are attributed to Ag NPs loaded onto liposome surfaces. 23 24 SERS enhancement factors ranging from 10 6 to 10 8 were estimated from these measurements. This is a very common level observed in many experimental measurements. 25 Single molecule sensitivity was initially attributed to extremely high enhancement factors (from 10 9 to 10 12 ) but later claimed to be feasible under much lower enhancement (from 10 6 to 10 8 ). 26 No SERS signal could be detected from the bare ULVs deposited onto the metallic Ag film, confirming the vital role of the Ag NPs loaded onto the ULVs to observe the SERS enhancement as well as the negligible role of the Ag metallic film used as the substrate. Figure 6 displays the SERS spectra obtained from a potentially individual Ag NPs loaded ULV placed at the center of a hot-spot and those from darker sites around the hot spot. Travelling from brighter site to darker site, the intensities of SERS spectra decrease. All the raman bands were almost completely quenched at the darkest points where junctions of Ag NPs do not exist.
Due to the vast variety of functional groups in the DPPC molecule, a great number of prominent Raman bands could be observed. It is notable that bands attributable to the head group of the DPPC molecule were more prominent than those associated with tail groups, possibly due to the former's close proximity to Ag NPs leading to a local electrical field enhancement. Accordingly, the prominent raman modes at 700, 960 cm −1 and at 1100, 1225 cm −1 are assigned to N + -(CH 3 3 streching vibrations and (PO 2 − streching vibrations,respectively. Other skeletal Raman modes agree well with those reported in the literature for the DPPC moelcule. 22 27 28 The Raman band intensities are almost 2 orders of magnitude higher in the hot-spot than in the spectrum collected outside this area. The resulting enhancement factor is about 10 8 . For chemically specific imaging of biological samples,the Raman effect has been recently designated as a photostable mechanism; 29 however, our results show that under intense illumination photostability may become a limiting issue in the SERS imaging.
Accordingly, the Ag NPs loaded ULVs eventually undergo carbonization during prolonged imaging under intense laser beams. When the carbonation takes place, the well-defined peaks disappear and the spectrum is dominated by only two broad bands that appear at 1380 and 1580 cm −1 as illustrated in Figure 7 . The results are in good agrement within the literature [30] [31] [32] and demonstrate the possibility of laser induced photothermal therapy.
We observed a red-shift at the SPR band of Ag NPs after incorporating them with the ULVs. The position of the SPR band can be discussed within framework of Drude model. 33 According to the Drude model, position of a SPR band of a spherical particle depends on the dielectric constant of surrounding medium. The SPR band ( ) of a spherical particle can be expressed as follows;
where p is the bulk plasma wavelength, is the highfrequency dielectric constant due to interband and core transitions, and m is the dielectric constant of the surrounding medium. Therefore, the presence of a SPR band and the red shift in its magnitude imply the loading of the Ag NPs onto ULVs. In the case of dimers of spherical Ag NPs (∼25 nm radius), a shift of the resonance wavelength is expected as a function of the dimer separation g as;
where g 1 = 0.296 nm, and inf = 416 nm is the resonance wavelength at infinite separation. The maximum local field Figure 6 . SERS spectra of DPPC constructing Ag NPs loaded ULVs from three specific points: at top of brighest point, so-called hot-spot (blue line), in between hot-spots (red line) and at darkest point (green line).
enhancement M LOC of the dimer is close to the point of minimum separation between the Ag NPs and is given similarly by
where g 2 = 18 nm, and M inf = 393 is the field enhancement of individual NPs. Therefore, we would expect the field enhancement and resonance wavelength to fluctuate as a result of the Brownian motion of NPs forming the dimers on ULVs. This would cause the SERS signal intensity to also fluctuate in time.
Observed alterations in the intensities of the bands may be associated with three common mechanisms. Namely, diffusion of molecules, laser induced structural changes and Brownian motion can cause fluctuating behaviour in the SERS signals. 36 The former one can be ruled out since Figure 7 . A broad double-peak between 1300 cm −1 to 1600 cm −1 due to the carbonization of the sample. it is impossible for such big ULVs to diffuse into homogeneous metallic Ag film substrate.Therefore, the fluctuations are mainly attributed to mechanisms related to laser induced structural changes and local Brownian motion of the individual Ag NPs loaded ULVs. The former can be attributed to conformational changes between gauche and trans conformations of the DPPC chains like a study of Chandra et al. 37 where shifts of the Raman peak positions were attributed to conformational changes in lysozyme molecule adsorbed on Ag colloids.
Another common mechanism leading to the fluctuation of SERS signals is local Brownian motion of the Ag NPs loaded ULVs. The junctions between the Ag NPs are affected due to change in interconnections between the Ag NPs leading to the fluctuations. 38 In the literature, similar fluctuating behaviors have been assigned to SERS signatures of single molecules. In the presence of strong enhanced local fields, those are rendered visible. 36 38 39 
CONCLUSION
In conclusion, constructed blinking hot-spots were observed on the surfaces of Ag NPs loaded ULVs and these hot-spots revealed higher Raman band intensities compared to the intensities detected from the darker sites. The blinking behaviour is attributed to possible laser induced conformational change of DPPC chain and local Brownian motion of liposomal spheres. Under prolonged laser exposure liposomes were carbonized demonstrating possibility of liposome usage in photothermal therapy by SERS tecnique.
